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Abstract: In this note we aim to study plane- wave limits of the solutions of type 
II* superstring theories. We consider Freund-Rubin type dS 5 x H 5 solutions of type 
IIB* theory and obtain a new kind of plane-wave solutions, we refer them as de 
Sitter plane-waves or Dpp-waves. Considering Hull's time-like T-duality we are able 
to map the Dpp wave solution to maximally supersymmetric Hpp-wave in IIB string 
theory and vice-versa. 
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1. Introduction 

The supersymmetric plane-wave (pp-wave) backgrounds in string theory [1], |2] could, 
generically, be obtained by applying the Penrose-like limits || |], |2| on anti de Sitter 
spacetimes, AdS x Sphere. Under these plane-wave limits || we basically zoom 
in onto those null geodesies which have a direction along the sphere. If the null 
geodesic is chosen such that it does not have a component along sphere then we 
obtain flat-space solutions. Although, the pp-waves are (asymptotically) non-flat 
geometries, nevertheless string theory in these backgrounds becomes exactly solvable 
theory in suitable light-cone gauge |5|, |6|. Therefore, from AdS/CFT correspondence 
point of view 0, a pp-wave spacetime in bulk has useful consequences for dual 
conformal field theories on the boundary M. Under BMN-correspondence H the 
conformal field theory operators with large U(l) R-charge are dual to type IIB closed 
string excitations in a pp-wave background spacetime. In this work we would like to 
concentrate on the plane- wave geometries in type II* string theories li- 
lt was proposed some time back by Hull || that if we consider time-like T- 
duality of usual type II string theory with spacetime signature (1, 9), then one could 
study string theories on arbitrary (m, n) signature spacetimes as well. This duality 
along time direction some how takes away the significance of the spacetime signa- 
ture from the string theory, in particular the significance of Lorentzian symmetry 
50(1,9). However, while implementing time-like duality it requires the assumption 
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of a compact time coordinate. It also makes the RR-potential fields of the dual 
theory tachyonic (ghost-like) in nature, that is, the kinetic terms with negative sign 
appear in the low energy effective action. Such type II string theories with tachyonic 
kinetic terms have been designated as II* string theories |J. Nevertheless, these 
star-theories are maximally supersymmetric and hopefully the quantum fluctuations 
cancel out in the spectrum which could bring stability to the flat spacetime which 
is still the vacuum solution. We note that the theories with tachyonic matter fields 
or with a tachyonic potential are favourable candidates for cosmology, see [10| and 
references therein, so that we are able to obtain de-Sitter spacetime. The de Sitter 
spacetimes naturally appear as solutions in II* theories. The usual string theory 
forbid de-Sitter space as a classical solutions, but see |12 for recent developments. 

This paper is organised as follows. We first discuss the Penrose limits in the 
case of type II* supergravity in section-2. Then we consider de Sitter solution of 
type IIB* supergravity and apply plane-wave limits to obtain the new kind of de 
Sitter plane-wave (Dpp) background which can exist only in type II* string theory. 
In section-3 we discuss time-like T-duality and the relationship between Hpp and 
Dpp waves. The conclusions are given in section-4. 



2. A case for de- Sitter plane- wave (Dpp-wave) 
2.1 Review: The Penrose Limits 

The plane- wave limits of anti-de Sitter spacetime, AdS p x S q , along a null geodesic 
with a non-zero component along the sphere leads to a plane-wave geometry. The 
procedure is well described in || where maximally supersymmetric Hpp-wave so- 
lutions are obtained by taking the limits of AdS^ x S 5 type IIB background. Our 
interest here is to study plane-wave limits for the solutions of type II* superstring 
theories for which there exist de Sitter solutions. 

In type II* supergravity |§, the action has the kinetic terms for all the RR- 
potentials with wrong sign, so they are tachyonic. Originally these theories are ob- 
tained by implementing T-duality along compact time-like directions of ordinary type 
II string theory. Assuming a compact time like direction in a theory is pathological, 
but after the transformations these tachyonic string theories have usual Minkowskii 
signature (1,9) and the maximal supersymmetry. 1 It is straightforward and obvious 
that IP-string theories will have following scaling limits on the fields 

9p, -> C 2 9»vi 0^0, A<p) -> C P A( P) . (2.1) 

lr The assumption of a compact time direction is considered only as a tool to implement time- 
like duality gj. However, the RR-sector kinetic energy terms having minus sign is somewhat 
troublesome. But it is nevertheless hoped that the supersymmetry takes care of these instabilities 
since the dual string theory is well defined. 
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under which the action scales homogeneously. The scale parameter £ has to be 
strictly positive. 2 

The Penrose limits are of the usual type 



6 = lim 6(0.) 

A w = gmn-*A w (n) (2.2) 

where parameter Q is positive. Now the proposal is that if there exists a (anti) de- 
Sitter solution with the local data ((A)dS, g, 4>, A p ), by implementing the limits (|2.2j ) 
we will get to new data (PP, g, <p, A p ) which is a Hpp (Dpp)-wave of type IIB (IIB*) 
string theory. In the next secion we will explicitly show this by taking an example 
of de-Sitter background of IIB* supergravity, the other case of Hpp-wave is by now 
well studied || . It is worth noting that the limits (|2.2|) are the same as in Blau et al 



2.2 The dS 5 x H 5 and a Dpp-wave solution 

The type IIB* supergravity |§ the action has the kinetic terms of all the RR- 
potentials with wrong sign, see Appendix. We shall assume that the IIB* theory 
has a stable vacuum and is a consistent string theory. Nevertheless there exists a 
de-Sitter solution dS$ x H 5 |L4|, [OJ. This de Sitter solution is given by 

g : = f{ - dt 2 + coshH (-^ + r 2 dn\)j } + Z 2 {# 2 + cosh 2 ^ {j^j 2 + ^) } 
F (5) = 2V2 l 4 (Vo\(dS 5 ) + Vol(H 5 )), (2.3) 

where I represents the radii of the de-Sitter dS 5 and hyperbolic space H 5 , and <if2 2 
is the line element of unit n-sphere. The volume 5-forms are defined for the unit size 
five-spaces, e.g., 



Vo^dS^) = coshH u dtdruj; 



r 



where u 3 is the volume form over unit radius 3-sphere. The five-form field strength 
in (|2.3j ) is such that it is self-dual. The rest of the background fields like dilaton etc. 
are vanishing in ( |2.3|) . 

As usual in the case of plane- wave limits, we would like to change the coordinates 
in the (ip,t) plane to 

U = ^ + t, V = ip-t, (2.4) 



2 We remark that such scaling symmetry of action could be used to tune the mass scales, if any, 
in a theory like in massive/gauged type IIA, see ]13[. 
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in terms of which the background becomes, 
I 2 g ■= dUdV + cosh 2 ( — - — ) - + r 2 dQ 2 3 + cosh 2 { — - — ) ^ + s 2 dQ 2 3 



r 4 F (5 ) = 2V2{Vo\(dS 5 (U, V)) + Vol{H 5 (U, V))}, (2.5) 
We shall now rescale the coordinates as 

u = u, v = -jL, ya = T' Ya = T (2 ' 6) 

where r 2 = Y a Y a , s 2 = Y a Y a . Then we take the limits (2.2), / — > oo, i.e. large 
radius limit, along the null geodesic parametrised by U 3 This consists in dropping 
the dependence on the coordinates other than u. In this way we get the pp-wave 
solution written in Rosen coordinates and depending only on u, 

4 8 

g := dudv + cosh 2 (^) ^(A/ a ) 2 + cosh 2 (^) ^(*/ a ) 2 

a=l a=5 

F {5) = 2^2 {cosh 3 (^) dudy 1 dy 2 dy 3 dy 4 + cosh 3 (^) dudy 5 dy 6 dy 7 dy 8 }. (2.7) 

In order to write the above background in the familiar form, we shall like to switch 
to the Brinkman coordinates (dx + , dx~ , x a ) as in but these transformations are 
slightly different. It is not difficult to guess that the new coordinate relations are 

x = u 2, x + = v — > ^ -y y , x = v ; — -■ (2.8) 

1 ' 4 ^ 2\ y y ' 2\i K ' 

i=i 1 1 

After some straightforward steps we obtain the Dpp-wave metric in Cahen-Wallach 
spacetime form 

8 

g := 2dx + dx~ + {A ab x a x h ){dx'f + ^(dx a ) 2 

a=l 

F- 12 34 = 2V2 = F„5678 ( 2.9) 



with the matrix 

A ab = 5 ab . (2.10) 

It can be calculated that the only nonvanishing componant of the Ricci tensor for 
the Dpp-wave metric ( |2.9| ) is 

= -8 , 

which is strictly negative. 4 Also note that the matrix A in ( |2.1C| ) is diagonal and 
positive which is opposite of the case of Hpp-wave |J. It is obvious because the 
background (|2.9|) satisfies the field equations of type IIB* supergravity where C(4) 
kinetic term has opposite sign unl ike in ordinary IIB theory. 

3 These limits involve zooming in onto a null geodesic with component along H 5 , the limits 
basically are the Penrose limits in || . 

4 We follow the convention where for a de Sitter space of radius of curvature the Ricci tensor 
is given by — ^I"^ g^ v . Here D is the spacetime dimension. 
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3. The time-like T-duality 



3.1 Dpp-wave from Hpp-wave 

The time-like T-duality map between the fields of two types of strings has been 
constructed by Hull ||. Under this map the background fields of type IIB (IIA) 
string theory are mapped to the fields of IIA* (IIB*) theory and vice-versa. Consider 
the Hpp-wave |jj 

8 

g := 2dx + dx~ + (H ah x a x b )(dx + ) 2 + ^{dx a ) 2 

a=l 

_F(5) = 2v / 2/i dx + (dx 1 dx 2 dx 3 dx 4 + dx 5 dx 6 dx 7 dx 8 ) (3-1) 
with the matrix H a b = — /i 2 5 a b- The Ricci tensor for Hpp-wave is 

R__ = 8/i 2 , 

which is positive unlike the Dpp-wave. In ( |3.1| ) we can consider x + as time coordinate 
while x~ acts like a space-like direction. So the 5-form flux is electric type. We 
will take x + coordinate of ( |3.1| ) and make a time-like duality 0. Using the duality 
relations given in the Appendix, the background we obtain as a result is IIA* extended 
string solution 

8 

g : = W- 1 {-(dx + ) 2 + (dx-) 2 } + ^{dx a f 

a=l 

F(4) = 2\p2[i {dx 1 dx 2 dx 3 dx i + dx 5 dx 6 dx 7 dx 8 ) 

B {2) = -W^dx+dx-, e 20 = W' 1 (3.2) 

where B is the NS-NS field under which fundamental strings are charged with and 
the function W = yU 2 5 a bX a x b . Fu\ is the tachyonic R-R four-form field strength. It 
is interesting at the first place to note that such a nontrivial string-like solution, in 
presence of tachyonic RR-fluxes, exists for IIA* theory action ( |A.1| ). We, though, 
make it clear that an extended fundamental string solution |TT[ when tachyonic RR 
backgrounds are vanishing is anyway a solution of II* theories. 

In the next step we make a space-like T-duality by compactifying the space like 
direction x~ of the background (|3.2|) . This gives us a type IIB* solution 

8 

g := 2dx + dx~ + (fi 2 5 ab x a x b )(dx-) 2 + ^(cfe a ) 2 

a=l 

F(5) = 2V2fidx~(dx 1 dx 2 dx 3 dx 4: + dx 5 dx 6 dx 7 dx 8 ), (3-3) 

which is nothing but the Dpp-wave given in ( |2.9|) when fi = 1. In eq.( [3.3|) the 
coordinate x~ behaves like a space direction, the flux Fr 5 \ is magnetic type. Hence 
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the roles of x + and x~ have got exhanged under the above duality map which includes 
one time-like T-duality. 

Thus we see that starting from Hpp-wave of IIB string and implementing a time- 
like duality and a space-like duality in succession, we have obtained Dpp-wave which 
is a solution of the IIB* string theory. This is confirmation of the fact that the Hull's 
time-like duality map works for the case of plane-waves. 

The amount of supersymmetries preserved by the Dpp-wave solution ( PT5| ) is not 
clear as it is not straight forward to work out the Killing spinors due to missing 
ingredients like supersymmetry variations of the II* theories. But as we know type 
II* string theories have 32 supersymmetries 0. So we would like to claim that 
the supersymmetry preserved by the Dpp-wave solutions is the same as those in 
Hpp-wave, which are maximally supersymmetric plane-wave solutions of IIB strings. 
The main reason behind this proposal is that the Hpp and Dpp are time-like T- 
dual backgrounds as we have seen above. If the time-like T-duality preserves the 
supersymmetry of the background then Dpp-waves are maximally supersymmetric 
solutions. 

3.2 M-theory on T 11 

As we know M-theory compactification on a spatial 2-torus, T ' 2 , in the limit of 
shrinking torus leads to type IIB string theory. Similarly, M-theory compactification 
on a Lorentzian torus, T 1,1 , in the limit of torus shrinking to zero size leads to type 
IIB* strings ||. So there is way to expect that the Dpp-wave is related to a solution 
of M-theory. On the other hand, one can also do the oxidation of the type IIA* string 
solution ( |3.2j ) to eleven dimensions which will give us following (9 + 2)-dimensional 
M* theory solution M 



g (n) ■= jy-f {-(dx + ) 2 + (dx-f - dz 2 } + W% J](dx a ) 



a=l 



F {4) = dC m = W- 2 (d a W)dx a dx + dx-dz + 2^2 )i(dx l dx 2 dx 3 dx A + dx 5 dx 6 dx 7 dx 8 ) 



(3.4) 



where W is as in The coordinates x + ,z are two time like directions in M* 

theory. It is useful to mantion that the low energy supergravity action for M* theory 
of which eq. (|3.4j) is a background solution, has negative kinetic terms for 3-form 
potential (7(3) @. The solution ( |3.4|) has both electric as well as magnetic type 
fluxes, hence it can be described as a bound state of 2-branes and 5-branes of M* 
theory. 

4. Conclusions 

We have first shown that the Dpp-wave ( |2.9| ) is a solution of the IIB* string the- 
ory which can be obtained by taking pp-wave limits of the corresponding de Sitter 
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solution. These Dpp-waves are of a new kind in that they have the properties 



< 

and entries of the matrix A ab are strictly positive. These values are just opposite in 
sign compared to those of Hpp-waves. Then we have shown that starting from Hpp- 
wave of IIB string theory and by implementing a time-like and a space-like T-duality 
in succession, we obtain nothing but the Dpp-wave background. This is confirmation 
of the fact that the Hull's time-like duality map works for the case of Hpp-waves. It 
will be interesting to study time-like duality maps for other pp-wave backgrounds of 
string theory. 

This study also provides us with a classfication of plane waves. Precisely we have 
got three types of plane-wave space-times; viz, the Hpp-waves [^[| 

i) > with A ab < 0, TrA ab ^ 0, 
the plane-waves without matter [TIJ 

ii) = with TrA ab = 
and the IIB* Dpp-waves with 

iii) R— < with A ab > 0, TrA ab ^ 0. 

It would be worthwhile to study the BMN-correspondence for the case of Dpp- 
waves. Though at the first place it is not clear what is the exact nature of dS/CFT 



correspondence for de Sitter backgrounds p7|] , which are natural solutions of type 

II* string theories. 
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A. Action in type II* supergravity 



The type IIA* effective action with (1,9) spacetime signature is given by 



S 



-26 



R *1 + 4d0 *d<j> - i# (3) *F (3) } + \P m *F {2) + ~F (4 ) *F (4 ) 



+-dC m dC m B {2) + •••] , (A.l) 

where all Ramond-Ramond kinetic terms are ghost-like. The field strengths are 
defined through F( n ) = dC n -\ + • ■ ■■ It is the same thing for type IIB* string theory 

S = f [e" 20 \r *1 + Ad<f> *d<j> - l -H {i) *i/ { 3)} + *F (1) + ~F {5) *F (5) + • • 

(A.2) 
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for which equations of motion are supplemented with the constraint equation that 
five-form field strength satisfies self-dual equation F( 5 ) =* F( 5 ), where * is the Hodge- 
dual in ten dimensions. 

For a time-like T-duality in the X° direction the relations between dual || back- 
grounds are 

1 

9oo = — 
9oo 

Boa 

90a — 

900 

5 _ 90a 

&0a — 

900 

9oa9o0 — B 0a B p 

g a f3 — 9af3 



B a /3 — B a p — 



#00 

9oaBof3 — B 0a g p 



9oo 

<t> = 4> - ^oglgool (A.3) 

along with the RR-fields strengths F n of the type IIA (IIB) theory related to the 
field strengths F n±1 of the dual type IIB* (IIA*) theory as 

P J? P _ Tp 

^O/il-'-^n r ^l---^n1 r fll—fln r Ofll •••([in 

for any fa ^ 0. 
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